Objectives: The main purpose of current study was to explore the effects of tetrahedral DNA nanostructures (TDNs) on neuroectodermal (NE-4C) stem cells migration and unveil the potential mechanisms.
| INTRODUC TI ON
Neural stem cells (NSCs) orchestrate embryonic nervous system development and can equilibrate and repair injured nerve tissue when needed. [1] [2] [3] [4] [5] In the developing nervous system, pluripotent embryonic NSCs can proliferate, migrate and differentiate to form each component of the whole system. [5] [6] [7] [8] [9] In recent years, because of their role in neural repair and regeneration, transplantation of NSCs has become increasingly attractive in cell transplantation for neurological diseases, such as cerebral palsy, spinal cord injury and motor neuron disease. [1] [2] [3] [4] [5] [9] [10] [11] While the proliferation, migration and differentiation of NSCs are promising, an effective intermediate is urgently needed to promote these biological behaviours of NSCs. [10] [11] [12] [13] [14] [15] [16] [17] DNA materials have been widely investigated with the aid of DNA nanotechnology. [18] [19] [20] [21] [22] [23] [24] [25] [26] DNA materials have shown potential in various biomedical fields, such as anti-multidrug resistance and disease diagnostics/therapeutics. [20] [21] [22] [23] [24] [25] [26] Different DNA nanostructures maintain various biological effects; among them, one of the most promising nanomaterials is tetrahedral DNA nanostructures (TDNs). [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] This kind of DNA material has received increased research attention because of its biological safety and simplicity of synthesis. [34] [35] [36] Selfassembled TDNs comprise 4 single-stranded DNAs (ssDNAs) that are designed based on the principle of base pairing. Therefore, TDNs possess excellent structural stability, mechanical rigidity and modification versatility. 30, 33, 38 Previous studies of TDNs have shown that different cells could internalize TDNs, and then TDNs exerted influence on the cells' biological behaviours under certain conditions. [39] [40] [41] [42] [43] [44] For instance, TNDs could maintain the chondrocyte phenotype, promote chondrocyte proliferation and accelerate dental pulp stem cells osteo/odontogenic differentiation. 35, 44 Meanwhile, TDNs could be modified by aptamers to detect tumour cells and are considered as potential carriers for drug delivery to reverse tumour resistance. 30, 42 In our recent work, we observed that TDNs promoted the proliferation of NSCs and accelerated the process of NSCs neuronal differentiation in vitro. 41 However, whether TDNs could also exhibit effects in promoting the migration of NSCs remains unclear, and the potential underlying mechanism also remains elusive Physiologically, cellular migration is an intricate biological behaviour which is a pivotal ingredient of biological processes, including development of embryonic, immune responses and tissue regeneration. [6] [7] [8] 36, 45 Migration is also considered a vital pathological component of diseases such as metastatic cancer and chronic inflammatory diseases. [46] [47] [48] [49] [50] In the nervous system, after injury, NSCs migrate to the damaged area where they secrete certain growth factors to further accelerate NSCs migration, and then differentiate into neurocytes. 51 This is a key process in the repair and regeneration of nerves and their accessory cells. However, the proliferation, migration and differentiation abilities of NSCs are poor, making it hard to repair and regenerate injured neural tissue. 10, 11, 52, 53 Therefore, studies exploring biomaterials that could promote the migration of NSCs safely and effectively will be of great significance in searching cures of neural system diseases. To find out whether TDNs could promote NSCs migration, together with our previous study, 41 might provide systematic evidence of effects of TDNs on the biological behaviour of NSCs in vitro and of the possible use in future nerve tissue repair and regeneration.
In this study, using in vitro experiments, we investigated the performance of TDNs in the migration of neuroectodermal (NE-4C) stem cells; then, the potential mechanism was also explored. NE-4C stem cells are an in vitro model of NSCs and possess the abilities of proliferation and differentiation into the neuronal lineage. We hypothesized that TDNs could facilitate the migration of NSCs safely and effectively, thus representing a promising material for nerve tissue repair and regeneration in curing neurological diseases. 
| MATERIAL S AND ME THODS

| Cell culture
| TDNs synthesis and characterization
The same concentrations of each ssDNAs (TaKaRa, Ostu, Japan) were concentration used in our experiment is 250 nmol/L, which was proven to be the optimal concentration in our previous studies. 40, 41, 43 To ensure the synthesis of self- 
| Cellular uptake of TDNs
To ensure that the cells could take in TDNs, we treated the cells with TDNs or ssDNA, which were both modified with Cyanine-5 (Cy5). 
| Parallel cell migration (wound healing assay)
A bidirectional wound-healing assay was employed to test the migrating behaviour of NE-4C stem cells cultured under different conditions.
Briefly, cells were first plated to 6-well plates and then incubated at 5% CO 2 and 37°C. Sterilized pipette tips were applied to form a bidirectional wound by scratching the single-layer cells. PBS was applied to wash the cell debris away. Cells were treated with medium without FBS (the control groups: without TDNs) and the same medium containing TDNs (the experimental groups: 250 nmol/L TDNs). Wound closure of cells was imaged after incubation for 0, 12 and 24 hours.
| Vertical cell migration (Transwell chamber assay)
Transwell insert (pore diameter: 8 μm; Corning) was applied to analyse the vertical cell migration. 54 Transwell inserts were attached 
| Semi-quantitative PCR and quantitative PCR
Total RNA of cells treating with or without TDNs was extracted by an RNeasy Plus Mini Kit and treated with a genomic DNA eliminator. The RNA samples were reverse transcribed into cDNA using a synthesis kit (TaKaRa, Ostu, Japan). The mRNAs ( by an enhanced chemiluminescence detection system (Bio-Rad). 
| Western blotting
| Immunofluorescence staining
| Statistical analysis
SPSS (version 23.0) was applied for data analysis. Intergroup differences were compared using analysis of variance (ANOVA) and t test, and P < .05 indicated that the test results were statistically significant. All experiments and analyses were conducted in triplicate and replicated more than 3 times.
| RE SULTS
| TDN characterizations
TDNs comprised 4 different ssDNA ( Figure 1A ), and each ssDNA was designed with a specific sequence based on the base complementation pairing rules (Table 2) . To evaluate the synthesis and characterization of the TDNs, 8% PAGE was performed to assess the size and size distribution of the TDNs. Figure 1B shows that the TDNs were successfully synthesized. Figure 1C shows that the average size of TDNs was 16.801 ± 0.237 nm.
These results indicated that the TDNs were successfully constructed. 
| Cellular uptake of TDNs
To ensure that NE-4C stem cells could take in abundant TDNs, but not ssDNA, fluorescence staining and flow cytometry were used to track TDNs and ssDNA. As shown in Figure 2A ,B, the fluorescence signal of Cy5 in the cells treated with Cy5-loaded TDNs was stronger than that from cells treated with Cy5-loaded ssDNA. Flow cytometry showed that more cells took in Cy5-loaded TDNs than Cy5-loaded ssDNA ( Figure 2C-D) . These results indicated that the cells could take in TDNs specifically, which is a prerequisite of TDNs to affect cellular biological behaviour.
| Changes in NE-4C stem cell migration
To observe TDNs' actions of horizontal migration on cells, we used 250 nmol/L TDNs to treat cells and analysed the migration by a woundhealing assay, which has been applied to detect the cell migration in vitro widely. Cells migrated towards the wound areas for 24 hours, and Figure 4C indicated that TDNs could enhance the migration of NE-4C stem cells significantly. These results showed that TDNs could facilitate the stem cell migration, which is a prerequisite for the regeneration of the injured nervous system.
| TDNs promote cell migration via the RHOA/ ROCK2 pathway
Previous studies demonstrated that the RHOA/ROCK2 pathway is closely related to cell migration; therefore, changes in the expressing levels of ras homologue family member A (RhoA), rho as- 
| D ISCUSS I ON
NSC transplantation is an emerging therapy for various neurological and neuro-traumatic diseases with great potential, due to its role in nervous tissue repair and regeneration. [1] [2] [3] [4] [5] 9, [55] [56] [57] However, some challenges remain to be addressed before NSC transplantation could be eventually used in clinical application. [12] [13] [14] [15] [16] [17] One of the biggest challenges is that transplanted NSCs cannot self-renewal, migrate or differentiate with high efficiency. 10, 11, 52, 53 In previous studies, when
NSCs were transplanted into a specific nervous tissue site to promote NSCs proliferation, migration and differentiation, many biological agents were tested through co-transplantation with NSCs, such as scaffolds, neurotrophic growth factors and neurotrophic drugs. Recently, we demonstrated that TDNs could enhance the proliferation and differentiation of NSCs in vitro. 41 In present study, we further investigated the effects of TDNs and found that they could promote NSCs migration via upregulating the related genes and proteins of RHOA/ROCK2 signalling pathway in vitro. 59 While the migration of NSCs from the transplantation site to the injured areas play a critical part in neurogenesis, [6] [7] [8] 60 findings of current study, together with those from the recent one, 41 systematically showed that TDNs could enhance NSCs proliferation, migration and differentiation. Despite the lack of animal experimental data in our study, we strongly believe that TDNs possess potential uses for nervous tissue repair and regeneration of cells in neurological diseases. Therefore, further studies in vivo are necessary.
In addition to their innate biological functions, TDNs are ideal biological carriers. According to previous studies, TDNs could be modified by aptamers to detect tumours and could deliver drugs to treat tumours. 29 
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